INTRODUCTION {#sec1}
============

Chemoradiotherapy for esophageal cancer {#sec2}
---------------------------------------

The efficacy of chemoradiotherapy in combination with 5-fluorouracil (5-FU) and *cis-*diamminedichloroplatinum (II) (CDDP) was demonstrated in 1999; since then, it has served as a standard treatment for esophageal cancer \[[@ref1], [@ref2]\]. Thus far, phase III trials that significantly extend survival compared with combined 5-FU, CDDP and radiotherapy (FP-RT) have not been reported.

Several combination therapies involving taxan, a cytotoxic drug that targets microtubules, and gefitinib and cetuximab, two drugs that target the EGFR, have been tested. However, these drugs have not displayed superiority to FP-RT in clinical trials \[[@ref3], [@ref4]\]. Therefore, finding an alternative approach for treating esophageal cancer refractory to FP-RT continues to be a challenge \[[@ref2], [@ref5]\].

Because the esophagus is a centrally located thoracic structure, there must be a balance between delivering the cytotoxic agent to the target at an appropriately high dose and minimizing the dose to nearby critical structures. Excessive radiation received by these critical structures, particularly the heart and lungs, may lead to clinically significant toxicities, including pneumonitis, pericarditis and myocardial infarction. Although technological advancements in photon RT delivery, such as intensity-modulated RT, have decreased the risk of such toxicities, mounting evidence indicates that further risk reductions can be achieved with proton beam therapy (PBT) \[[@ref6]\]. However, reports on photon therapy are much more common than reports on drugs that exhibit radiosensitizing effects. Currently, chemotherapy combined with PBT uses therapies that have previously been used in combination with photon therapy, such as CDDP and 5-FU, and are not based on clear evidence. Therefore, the elucidation of sensitizers and their mechanisms in the context of proton beams is necessary.

![OE-21 and KYSE-450 cell survival after photon and proton irradiation. Clonogenic cell survival assays were performed in triplicate after irradiation with 2, 4, 6 or 8 Gy per fraction. Values correspond to the mean ± standard deviation. Data analysis was performed on pooled values from at least three independent experiments.](rrz088f1){#f1}

![OE-21 and KYSE-450 cell survival after treatment with DNA-damaging agents. Clonogenic cell survival assays were performed in duplicate. Values correspond to the mean ± standard deviation. Data analysis was performed on pooled values from at least three independent experiments.](rrz088f2){#f2}

![The colony-forming ability in OE-21 and KYSE-450 cells upon radiation was compared with that of the control group and the drug-only group. ^\*^*P* \< 0.05 (Student's *t*-test). ^\*\*^*P* \< 0.01 (Student's *t*-test). Cont., control. Non-RT., not irradiated and treated by drug only.](rrz088f3){#f3}

DNA-damaging agents have recently been reported to possess a novel mechanism of action \[[@ref7], [@ref8]\]. The poly (ADP-ribose) polymerase (PARP) family of proteins can convert single-strand breaks (SSBs) into double-strand breaks (DSBs), which are amenable to repair by homologous recombination (HR). Accordingly, PARP inhibitors can induce synthetic lethality in cancer cells having weak HR repair abilities, such as BRCA-mutated cancers. Recently, PARP inhibitors have been shown to exhibit high radiosensitizing effects in prostate cancer, pancreatic cancer and breast cancer cell lines \[[@ref6], [@ref8]\]. An increasing number of studies have investigated these differences which cause different biological effect between proton and photon in detail at the cellular and molecular levels \[[@ref9]\]. Photon-triggered DSBs are primarily repaired by non-homologous end joining (NHEJ), whereas proton-induced DSBs are repaired by HR \[[@ref10]\]. Protons and PARP inhibitors, which both stimulate HR-dependent DSB repair, are therefore of particular therapeutic relevance because they may exhibit a strong sensitizing effect.

Olaparib is an FDA-approved drug that was recently reported to exhibit sensitization in pancreatic cancer and lung adenocarcinoma cell lines \[[@ref11]\]. In Japan, olaparib and PBT received insurance approval in 2018, and expansion of its adaptation is expected in the future. Comprehensive analyses suggest that esophageal cancer displays abnormalities in DSB repair pathways such as PARP and BRCA. In a TCGA dataset, we found that 8.2% have BRCA1 and BRCA2 mutations or copy number alterations and 1.5% of patients have PARP1 copy number alterations (see online supplementary Figure S1). Furthermore, the other genes, such as ATR and Rad 51, that are necessary to repair DNA damage by irradiation also have mutations or copy number alterations. Therefore, treatments that target DSBs are expected. However, studies that compare fractionated irradiation with standard therapies such as 5-FU and CDDP and molecular mechanisms are rare; this information would provide the rationale for clinical trials.

In the present study, we demonstrated the effect of PBT combined with olaparib on esophageal cancer cell lines and investigated the underlying mechanism of this method to establish an effective treatment for platinum- and radiation-resistant esophageal cancer, which is of clinical relevance.

MATERIALS AND METHODS {#sec3}
=====================

Cell lines and culture {#sec4}
----------------------

Human esophageal cancer cell lines OE21 and KYSE450 were obtained from the cell banks of Public Health England (Salisbury, UK) and the National Institutes of Biomedical Innovation (Osaka, Japan), respectively; they were used within 20 passages for the present experiments \[[@ref12]\]. The cells were maintained in RPMI 1640 medium (SIGMA-ALDRICH, Saint Louis, MO, USA) containing filtered 10% fetal bovine serum (Biowest, Nuaillé, France). Both cell lines were incubated under 100% humidity in the presence of 5% CO~2~ at 37°C. An authentication of the cell lines OE-21 and KYSE 450 was confirmed by STR profiling (data not shown).

Photon and proton irradiation {#sec8}
-----------------------------

To perform photon irradiation, both cell lines were irradiated with a 6-MV X-ray beam at a dose rate of 6 Gy/min using a Linac (Varian Medical Systems, Palo Alto, CA, USA) at the National Cancer Center Hospital East (NCCNE) as previously described \[[@ref13]\]. To perform proton irradiation (PT), both cell lines were irradiated with a 235-MeV proton beam (Sumitomo Heavy Industry, Co, Ltd., Kanagawa, Japan), also at the NCCNE. Proton beams dispersed by a double-scattering method were shaped down with a brass collimator to irradiate a field size of 20 × 20 cm. The depth of irradiation was precisely modulated by the placement of polyethylene plates of appropriate thickness, based on a water equivalent thickness of 3 mm, which was calculated from the incident side's thickness of the flask or dish and the medium at a position between the collimator and the sample. The field size was 15 × 20 cm and the flask surface dose homogeneity was ≥95%. The cells were seeded in 25-cm^2^ flasks (Corning, NY, USA) or 96-well dishes (Corning, New York, USA) and placed on polyethylene plates when the perpendicular proton or photon beam irradiation was performed. All experiments were conducted in triplicate. Irradiation was performed only on weekdays within a week, and once a week rest was permitted as in the clinical rule.

![Sensitivity of OE-21 and KYSE-450 cells to proton irradiation with or without olaparib (3 μM). (**A**) OE-21 and (**B**) KYSE-450 cell survival prior to or after treatment with olaparib for 1 h before irradiation (2, 4, 6 or 8 Gy per fraction). The cells were fixed and stained with crystal violet and the number of colonies was counted in duplicate. Error bars correspond to the standard deviation of the mean. Data analysis was performed on pooled values from at least three independent experiments. DMSO = dimethyl sulfoxide, PT = proton irradiation.](rrz088f4){#f4}

![Sensitivity of OE-21 and KYSE-450 cells to multifraction proton irradiation with or without olaparib (3 μM). (**A**) OE-21 and (**B**) KYSE-450 cell survival after single or multifraction irradiation (8 Gy per four fractions) with or without prior treatment with olaparib for 1 h. The cells were fixed and stained with crystal violet and the number of colonies was counted in duplicate. Error bars correspond to the standard deviation of the mean. Data analysis was performed on pooled values from at least three independent experiments. Cont= control, Non-RT. = not irradiated and treated by drug only.](rrz088f5){#f5}

Clonogenic assay {#sec9}
----------------

OE21 and KYSE450 cells were seeded in duplicate or triplicate in 25-cm^2^ tissue culture flasks containing 5 mL of the culture medium at a concentration of 400--12 800 cells per flask, depending on the irradiation dose. The flasks were incubated for 24 h prior to irradiation with the proton or photon beams and returned to the CO~2~ incubator at 37°C following irradiation. After 8 or 12 days, the colonies were fixed with 4% formalin and stained with 1% crystal violet. Colonies that contained \>50 cells were counted, and the surviving fractions were calculated as the ratio of the plating efficiency of irradiated cells to that of unirradiated cells.

Immunofluorescence analysis {#sec10}
---------------------------

The cells were seeded onto 96-well dishes at a density of 1.0 × 10^3^--3.0 × 10^3^ cells per dish for 24 h prior to irradiation and were cultured at 37°C in the presence of 5% CO~2~; cells in the plateau phase were used for all experiments in this study. Following proton or photon irradiation, the cells were incubated for 2 or 24 h, washed thrice with phosphate-buffered saline (PBS) and fixed with 4% formaldehyde for 15 min at each time point. The cells were then washed thrice with PBS for 3 min and blocked with blocking buffer containing 1% filtered bovine serum albumin (Roche, Basel, Switzerland) and 1% Triton X-100 (SIGMA-ALDRICH, Saint Louis, MO, USA) in PBS and incubated for 1 h at room temperature. The cells were then incubated with a ×100 diluted anti-rabbit antibody directed against phospho-histone H2A.X Serine139 (Cell Signaling Technology, Danvers, MA, USA), overnight at 4°C. After incubation with the primary antibody, the cells were again washed three times with PBS. Next, blocking buffer containing goat anti-rabbit Alexa Fluor 488 IgG secondary antibodies (Invitrogen, Waltham, MA, USA) was added to the cells, and the cell suspension was allowed to stand for 2 h at room temperature. The cells were again washed thrice with PBS before the addition of mounting medium containing hoechst (Vector Laboratories, Burlingame, CA, USA). Images were obtained using the Thermo Scientific ArrayScan system (Thermo Fisher, Yokohama, Japan) \[14\]. We use the same conditions with other protein detection. First, antibodies for Rad 51 (sc-8349), BRCA1 (sc-642), BRCA2 (sc-28235) and 53BP1 (sc-22760) (Santa Cruz Biotechnology, CA, USA) were used and the foci in each cell were counted using HCS Studio 2.0 Cell Analysis Client Software, then the mean number of foci per nucleus was calculated. More than 100--300 cells per well were evaluated following irradiation. The procedures were normalized with previously reported protocols. Immunostaining was evaluated for each antibody using a fluorescence microscope. Gamma H2AX was used to assess normality, and it was confirmed that it was radiation dose-dependent (see online supplementary Figure S2).

Poly (ADP-ribose) polymerase inhibitor treatment {#sec11}
------------------------------------------------

A PARP inhibitor, olaparib (AZD2281), was purchased from Selleck Chemicals (Houston, TX, USA). After the initial treatment with olaparib, olaparib was added again each time the medium was changed. In the radiation combination experiment, the drug was added 1 h before irradiation. Clonogenic survival curves and the sensitization enhancement ratio at 10% (SER~0~) were generated using OriginPro version 8.5.1 software (OriginLab Corp).

Statistical analysis {#sec12}
--------------------

The individual experiments were performed at least in triplicate. The statistical significance of the observed differences was analysed using Student's *t*-test.

RESULTS {#sec13}
=======

Sensitivity of esophageal cancer cell lines to anticancer agents and radiation We confirmed that esophageal cancer cell lines OE-21 and KYSE-450 displayed resistance to photon and proton irradiation and 5-FU and CDDP, respectively ([Figs. 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}). Radiosensitivity was confirmed via colony assay ([Fig. 1](#f1){ref-type="fig"}). DNA damage and drug sensitivity were assessed for the following drugs: 5-FU, an antimetabolite; CDDP, a platinum preparation; and olaparib, a PARP inhibitor. Compared with OE-21 cells, KYSE-450 cells were more resistant to 5-FU and CDDP but more sensitive to olaparib ([Fig. 2](#f2){ref-type="fig"}).

Radiosensitization effect of olaparib on esophageal cancer cell lines {#sec15}
---------------------------------------------------------------------

CDDP is the most commonly used drug for enhancing radiosensitivity in esophageal cancer. The radiosensitizing effect of olaparib was compared with that of CDDP in OE-21 and KYSE-450 cells after proton irradiation with a 2-Gy dose. Next, we compared the colony-forming abilities between the control group and the drug-only group after radiation. We found that KYSE-450 cells exhibited a higher resistance to cytotoxic drug and radiation alone which are used as clinical treatment for esophageal cancer ([Fig. 2](#f2){ref-type="fig"}). In OE-21 cells, both CDDP and olaparib significantly enhanced the radiation-induced anti-tumor effect, whereas in KYSE-450 cells, which displayed more resistance to radiation, this effect was observed only with olaparib([Fig. 3](#f3){ref-type="fig"}).

Next, we investigated the proton-sensitizing effect of olaparib in detail using a clonogenic assay. Olaparib exhibited a SER of 1.7 for OE-21 cells and 1.5 for KYSE-450 cells that had high radiation and CDDP resistance ([Fig. 4](#f4){ref-type="fig"}). The effect of using multifraction 8 Gy/4 fr doses is shown in [Fig. 5](#f5){ref-type="fig"}.

Biochemical properties of olaparib-RT and olaparib-PT {#sec16}
-----------------------------------------------------

To investigate olaparib and proton-induced DNA damage and repair of esophageal cancer cells, DNA damage after the treatment and expression of a DNA repair enzyme were examined. We used the number of γ-H2AX foci as an indicator of DNA damage. 53BP1 was used as a NHEJ reporter, and BRCA1, BRCA2 and Rad51 were used as HR markers \[[@ref10], [@ref15]\]. Both PBT and olaparib significantly increased the number of foci in both cell lines compared with the untreated group. In the proton-treated group, olaparib combined with PBT tended to increase the number of foci, but there was no significant difference in the OE-21 cells; conversely, the number of foci was increased significantly in the KYSE-450 cells.

In addition, we evaluated the intensity of γ-H2AX foci, which is an indicator used for DNA damage assessment and to count the number of foci ([Fig. 6B](#f6){ref-type="fig"}) \[[@ref16], [@ref17]\]. The intensity showed a similar tendency to the number of foci, and the intensity evaluation indicated that a significantly higher accumulation of DNA damage was found for the combination of PBT and olaparib compared with PBT alone.

![DNA damage and DNA repair gene expression after multifraction proton irradiation (8 Gy per four fractions) with olaparib. (**A**) Number of γ-H2AX foci in OE-21 and KYSE-450 cells treated with proton irradiation with or without olaparib. (**B**) Intensity and average γ-H2AX foci area in OE-21 and KYSE-450 cells treated with proton irradiation with or without olaparib. The number of foci per nucleus was counted and compared under the same conditions. Data were obtained from at least 100 cells for each condition. *P-*values (Student's *t*-test) are indicated on the figures. Cont. = control, Non-RT. = not irradiated and treated by drug only.](rrz088f6){#f6}

The levels of BRCA1, BRCA2 and Rad51 were significantly higher in the olaparib-PT group than in the control and olaparib-only groups. In contrast, proton irradiation did not increase the 53BP1 expression level ([Fig. 7](#f7){ref-type="fig"}).

![Dynamics of DNA repair enzymes after irradiation with or without olaparib. Number of BRCA1, BRCA2, Rad51 and 53BP1 foci in proton-irradiated (**A**) OE-21 and (**B**) KYSE-450 cells treated with or without olaparib (3 μM) 24 h after multifraction proton irradiation (8 Gy per four fractions). Data were obtained from at least 500 cells for each condition. *P-*values (Student's *t*-test) are indicated on the figures.](rrz088f7){#f7}

![Outline of DNA damage repair pathway. Major DNA repair pathways from olaparib (**A**) and photon and proton irradiation (**B**). Expected DNA repair pathways from radiation with olaparib (**C**).](rrz088f8){#f8}

DISCUSSION {#sec17}
==========

Comparative effect of olaparib, radiation, 5-FU and CDDP on esophageal cancer cells {#sec18}
-----------------------------------------------------------------------------------

In the present study, we observed that esophageal cancer cells resistant to radiation and DNA-damaging agents were sensitive to the PARP inhibitor olaparib. We examined the sensitivity to radiation alone and to the drug alone in two esophageal cancer cell lines: OE-21 and KYSE-450. In accordance with previous reports, OE-21 cells were moderately affected whereas KYSE-450 cells were highly affected by both treatments. KYSE-450 cells also displayed resistance to 5-FU and CDDP, two commonly used radiosensitizers. NHEJ is the primary pathway for repairing DNA damage caused by agents such as 5-FU and CDDP, suggesting that these cells are resistant to general DNA damage \[[@ref17]\].

The cells were also resistant to radiation. Remarkably, the similar sensitivity displayed by OE-21 and KYSE-450 cells to olaparib was not consistent with their RT-resistance.

Validation of olaparib as a proton radiosensitizer {#sec19}
--------------------------------------------------

We determined that olaparib has an excellent proton radiosensitizing effect in radiation and CDDP-resistant esophageal cancer cells.

The radiosensitizing effect of olaparib was compared with that of CDDP in OE-21 and KYSE-450 cells ([Fig. 3](#f3){ref-type="fig"}). CDDP and olaparib displayed a significant effect in OE-21 cells, whereas only olaparib was effective in KYSE-450 cells. Interestingly, the SER of olaparib on PBT was 1.5--1.7, which was higher than that of a previously reported proton sensitizer \[[@ref18], [@ref19]\] ([Fig. 4](#f4){ref-type="fig"}).

Our results are consistent with previous reports of RT-resistant cell lines being immune to DNA-damaging agents such as CDDP. In contrast, olaparib caused increased proton radiosensitization even in RT-resistant cell lines. Although both HR and NHEJ are important for DNA repair in response to CDDP alone, radiation alone or radiation combined with CDDP, NHEJ is believed to be the primary pathway \[[@ref20], [@ref21]\]. Conversely, although no repair pathway for olaparib-PT has yet been reported, it is believed that HR activity is more important for DNA damage caused by olaparib \[[@ref22]\].

Interestingly, it has recently been reported that olaparib may be more effective in cancer cells with high NHEJ activity. The formation of a complex containing 53BP1 and Rev7 on DSBs typically activates NHEJ. However, a recent report suggests that a mutation of the Rev7 gene reduces NHEJ activity and stimulates HR \[[@ref20]\]. Thus, intracellular NHEJ and HR activities tend to be either independent of one another or inversely correlated, and the inhibitory effect of olaparib is believed to reflect this association.

Furthermore, the current standard treatment for esophageal cancer is a combined platinum and radiation therapy with multifractionated radiotherapy involving a single dose of 1.8--2.0 Gy. Our study confirmed that even multidose irradiation of 2 Gy, which mimics actual esophageal cancer treatment, exhibits a high proton sensitization effect. Sensitizers in PBT have not been largely reported thus far, and the present study verifies for the first time a sensitization effect using 2 Gy multifractionated radiotherapy.

Evaluation of combined olaparib and proton irradiation {#sec20}
------------------------------------------------------

To evaluate the biological effect of olaparib and proton irradiation, we assessed the dynamics of γ-H2AX foci, intensity and expression of DNA repair genes. DNA damage was observed to be increased in the proton-only and olaparib-only groups, and an additive increase in the olaparib and proton combination group was also observed ([Fig. 6](#f6){ref-type="fig"}).

Notably, in the olaparib-PT group of OE-21 cells, there was no significant increase in the number of foci compared with the olaparib-only group, but there was a prominent increase in the intensity of the foci. Although the number of γ-H2AX foci is the most common indicator of DNA damage in radiation biology, the intensity of γ-H2AX foci is also frequently used \[[@ref13], [@ref16]\]. Because the significance of these two markers at a molecular level has not yet been established, their implications in this study cannot be concluded. However, we believe that there was a high possibility that DNA damage was increased in the olaparib-PT group compared with the olaparib-only group because the olaparib-PT group had lower colony-forming abilities and an increased expression of DNA repair genes.

In our study, we detected higher expression levels of three HR repair enzymes, i.e. Rad51, BRCA1 and BRCA2, in both the proton-only and olaparib-only groups ([Fig. 7](#f7){ref-type="fig"}). Furthermore, the expression of these genes was increased additively using PBT in combination with olaparib. These findings indicate that both olaparib and PBT have biological effects on esophageal cancer cells via HR-dependent DSB repair. Recently, a sensitizing effect of olaparib on PBT has been reported in lung adenocarcinoma and pancreatic cancer cells. Thus, we concluded that the proton sensitization effect of olaparib occurs through increased DNA damage caused by G2/M cell cycle arrest and the conversion of sub-lethal non-DSB oxidative clustered DNA lesions (OCDLs) to lethal damage \[[@ref11]\].

However, olaparib has been reported to exhibit a high sensitizing effect on photon therapy with an SER of 1.5--2.1 where there are no OCDLs \[[@ref21]\]. Furthermore, if G2/M arrest is the primary effect, then both NHEJ- and HR-dependent DNA damage should accumulate; however, our results revealed the accumulation of only HR-dependent DNA damage ([Fig. 7](#f7){ref-type="fig"}). From previous reports and our results, we hypothesize that the mechanism underlying the sensitizing effect of olaparib on PBT is an HR-dependent DSB accumulation rather than OCDL enhancement and cell arrest. Olaparib converts SSB into HR-dependent DNA damage through DNA amplification ([Fig. 8A](#f8){ref-type="fig"}).

Radiation causes SSBs and DSBs ([Fig. 8B](#f8){ref-type="fig"}). Although SSBs occur more frequently, they are easier to repair, and biological effects are primarily caused by DSBs \[23\]. Protons have been reported to cause more DSBs than photons. Our results indicate no difference between photon and proton sensitization. Therefore, we suggest that olaparib converts radiation-induced SSBs into HR-dependent DNA damage ([Fig. 8C](#f8){ref-type="fig"}).

This mechanism suggests that PARP inhibitors may also be effective for cells that are resistant to platinum and photon therapy with high NHEJ activity. Recently, DNA damage drugs and radiation resistant is caused by high NHEJ activity and high copy number alterations can predict radiation resistance \[[@ref17]\]. Furthermore, this study demonstrates that HR-dependent repair enzymes such as Rad51 and BRCA are important for repair following olaparib-PT, indicating the possibility that these enzymes could be used as biomarkers for olaparib-PT.

Clinical trial of combined radiation therapy with olaparib {#sec21}
----------------------------------------------------------

Olaparib offers a promising alternative because it helps reduce bone marrow suppression or mucosal damage, its dose-limiting toxicity does not overlap with radiation, and its anti-tumor effect is elevated even in hypoxic conditions that usually cause radiation resistance \[[@ref7], [@ref18], [@ref24]\]. Notably, clinical trials involving a combination of olaparib and radiation therapy have already been initiated for breast cancer, lung cancer and head and neck cancer (NCT02229656, NCT01562210 and NCT02227082, respectively). Our results indicate that the combination of irradiation with olaparib can be clinically applied to esophageal cancer. Recent reports have suggested the efficacy of olaparib-RT in head and neck cancer, and its toxicity was also acceptable \[[@ref25]\].

CONCLUSION {#sec34}
==========

We demonstrated that olaparib has a high sensitizing effect on PBT in platinum- and radiation-resistant esophageal cancer cells. The sensitizing effect was remarkable in multisplit irradiation, and an additive effect of HR-dependent DSB was considered the mechanism of action. Our findings suggest novel clinical applications of olaparib-PT against platinum and radiation-resistant esophageal cancer.
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